Introduction {#sec1}
============

High-pressure techniques have been successfully employed to investigate the polymorphism of a number of different molecular organic solids.^[@ref1]−[@ref4]^ The exploration using high-pressure techniques allows for a greater range of phase space to be investigated for new polymorphs of materials. The observation of polymorphism at high pressure is an important factor for the exploration of polymerization, as different three-dimensional arrangements of molecules will have an effect on the structure of the polymer that is produced. A number of groups have been investigating the use of high pressure (1--100 GPa) to investigate the chemical reaction of a number of systems via the crystalline state^[@ref5]^ including simple systems such as ethylene,^[@ref6]^ benzene,^[@ref7]^ and even CO~2~.^[@ref8]^ As an example of the pressures required to induce chemical reactions, Chelazzi and co-workers subjected ethylene to ∼3.0 GPa to produce polyethylene, while Santoro and co-workers observed the transition of CO~2~ into an amorphous nonmolecular phase between 40 and 48 GPa. Further examples include a number of acetylene derivatives.^[@ref9]−[@ref14]^ Many of these studies have used spectroscopic techniques to elucidate the changes in structure before and after the polymerization reaction.

A recent and novel extension of the work is to combine polymerization with crystal engineering, the ability to manipulate intermolecular interactions to create multicomponent materials.^[@ref15],[@ref16]^ By using crystal engineering strategies, Goroff's team manipulated intermolecular interactions between oxalamides and diiodobutadiyne to ensure that the carbon--carbon triple bonds of diiodobutadiyne aligned in a specific manner so as to aid the pressure-induced polymerization process. By doing so, the authors followed the polymerization process, including changes to the crystalline state, via X-ray diffraction due to the maintenance of long-range order in the overall structure. Further work has extended the investigation of high-pressure polymerization to ring systems such as [l]{.smallcaps},[l]{.smallcaps}-lactide^[@ref17]^ and carnosine.^[@ref18]^

In this article, we have investigated the room-temperature behavior of acrylic acid (Scheme [1](#sch1){ref-type="scheme"}) at high pressure using neutron diffraction. Acrylic acid is the simplest unsaturated carboxylic acid and is the precursor to poly(acrylic acid) (PAA). PAA is used in a wide range of research and industrial applications, ranging from superabsorbent materials to drug delivery vehicles.^[@ref19]^ Recent studies by Murli and Song^[@ref20]^ and our own group^[@ref21]^ have investigated acrylic acid-*h*~4~ under high-pressure conditions and have revealed the existence of the new polymorph of pure acrylic acid by rapid compression to 3.3 GPa or through the use of a solution of acrylic acid in a pressure transmitting medium (PTM) of 4:1 methanol:ethanol (50% v/v) at 0.61 GPa. The discovery of a new polymorph at high pressure is an important finding, as the spatial arrangement of molecules in the crystal structure may have a significant effect on the structure of the polymer that is created via this polymorph. In our own work, there was an indication that the X-ray radiation was in fact polymerizing the material, as the diffraction pattern started to deteriorate after 15 h of data collection. For this reason, we decided to investigate the changes that occur to the crystal structure before the polymerization process via neutron diffraction due to its noninvasive nature. Herein, we present the results of this study, as well as further spectroscopic analysis of the polymerization product.

![Numbering Scheme for Acrylic Acid-*d*~4~](jp-2014-02095n_0009){#sch1}

Experimental Section {#sec2}
====================

Neutron Diffraction Measurements {#sec2.1}
--------------------------------

High-pressure neutron powder diffraction data were collected for acrylic acid-*d*~4~ using the *PEARL* diffractometer^[@ref22],[@ref23]^ at the U.K. spallation neutron source, ISIS, located at the STFC Rutherford Appleton Laboratory. Neutron data associated with the research published in this paper can be requested from the corresponding author. Perdeuteration is required to avoid the large backgrounds that would be observed in hydrogenous materials due to the large incoherant scattering cross section of hydrogen. As a point of note, there have been a number of studies that have explored the use of neutron diffraction for the hydrogenous materials to negate the requirement to deuterate samples.^[@ref24],[@ref25]^ The sample was first mixed with ∼20% 4:1 methanol-*d*~4~:ethanol-*d*~6~ before being added dropwise using a glass capillary into a standard Ti--Zr alloy capsule gasket^[@ref26]^ filled with loosely packed ground silica wool which was used to inhibit the formation of large crystallites. The methanol:ethanol mixture was used as a PTM to provide quasi-hydrostatic conditions during the compression. Calcium fluoride was mixed with the silica wool to act as a suitable pressure marker. The resulting capsule assembly was then compressed within a type V3b Paris-Edinburgh (P-E) press^[@ref27]^ equipped with standard profile anvils with cores fabricated from zirconia toughened alumina (ZTA). The P-E cell ram pressure was monitored and controlled by means of an automated hydraulic system.

Time-of-flight (TOF) neutron powder diffraction data suitable for structure refinement were obtained by electronically focusing the 702 individual detector element spectra of the main 2θ = 90° detector bank. The summed pattern was then normalized with respect to the incident beam monitor and the scattering from a spherical vanadium standard sample. Lastly, the diffraction pattern intensities were corrected for the wavelength and scattering-angle dependence of the neutron attenuation by the P-E cell anvil and gasket (Ti--Zr) materials. Sample pressures were calculated from the refined CaF~2~ lattice parameters and the known room-temperature equation of state. Structures were refined in TopasAcademic using a Z-matrix model parametrized in terms of the intramolecular bond distances, angles, and torsions and the molecular position and orientation.^[@ref28]^ The starting models were derived from our previous X-ray diffraction study.^[@ref21]^ The DFT-optimized structures (see below) were used to formulate restraints which were then applied to the Rietveld refinements, as described in ref ([@ref29]). Figure [1](#fig1){ref-type="fig"} shows two Rietveld fits of data at 0.32 GPa (phase I) and 0.87 GPa (phase II), and the corresponding crystallographic data for selected pressures is shown in Table [1](#tbl1){ref-type="other"}. A plot of the diffraction at various pressures (Figure ES1) as well as the crystallographic information for all pressures (Table ES1) can be found in the [Supporting Information](#notes-1){ref-type="notes"}. Figure [2](#fig2){ref-type="fig"} shows the changes in unit cell parameters and molecular volume with increasing pressure. The phase transition from phase I to phase II can clearly be observed at 0.8 GPa.

During the compression of acrylic acid, it was noted that the sample pressure continued to increase slowly after a finite change of pressure before eventually stabilizing after an interval of ∼30 min. We have attributed this unusual behavior to the solubility of acrylic acid in the PTM and that during compression there is an initial solubilization of the acrylic acid before it recrystallizes back out of solution, causing the creep in pressure. This effect became less pronounced at higher pressures, which would be consistent with the expected decrease in solubility with pressure.

![The Rietveld refinements of phase I at 0.33 GPa (upper) and phase II at 0.87 GPa (lower).](jp-2014-02095n_0002){#fig1}

Periodic DFT Calculations {#sec2.2}
-------------------------

Geometry optimizations were performed by periodic density functional theory (DFT) using the DMOL^3^ code^[@ref30]^ as part of the Materials Studio modeling suite.^[@ref31]^ The DNP numerical basis set^[@ref30]^ was used in combination with the PBE functional^[@ref32]^ with the Tkatchenko--Scheffler correction for dispersion.^[@ref33]^ The unit cell dimensions were held fixed at the values obtained in Pawley refinements of the neutron powder diffraction data described above, and coordinates were allowed to optimize. Convergence was defined when the maximum changes in total energy, displacement, and gradient were 10^--5^ Ha, 5 × 10^--3^ Å, and 2 × 10^--3^ Ha Å^--1^, respectively. Brillouin zone integrations were performed by Monkhorst--Pack^[@ref34]^*k*-point sampling at intervals of 0.07 Å^--1^.

The Raman modes for acrylic acid-*d*~4~ were calculated using the plane-wave-pseudopotential CASTEP v4.2 program^[@ref35]^ as implemented in Materials Studio,^[@ref31]^ employing the generalized gradient approximation (GGA) functional PW91^[@ref32]^ using the optimized phase I structure at 0.32 GPa. This cell was reduced to P1 before calculation. Norm-conserving pseudopotentials optimized for GGA DFT methods with a basis set cutoff energy of 830 eV were used. Brillouin zone integrations were performed with a 1,1,2 *k*-point set Monkhorst--Pack^[@ref34]^ grid. Lattice parameters remained fixed, but the atomic positions were optimized according to the following criteria: total energy convergence 5 × 10^--6^ eV/atom, maximum force on any atom 0.01 eV/Å, stress 0.02 GPa, and atomic displacements 5 × 10^--4^ Å.

###### Crystallographic Information for the Lowest and Highest Pressure Rietveld Refinements for Phase I and Phase II of Acrylic Acid-*d*~4~

  --------------------------- ---------------------- ---------------------- ------------------------- -------------------------
  CIF ID                      1                      3                      4                         19
  pressure (GPa)              0.33                   0.69                   0.87                      7.21
  chemical formula            C~3~D~4~O~2~           C~3~D~4~O~2~           C~3~D~4~O~2~              C~3~D~4~O~2~
  *M*~r~                      76.07                  76.07                  76.07                     76.07
  radiation type              TOF neutron            TOF neutron            TOF neutron               TOF neutron
  phase                       I                      I                      II                        II
  cell setting, space group   orthorhombic, *Ibam*   orthorhombic, *Ibam*   monoclinic, *P*2~1~/*c*   monoclinic, *P*2~1~/*c*
  temperature (K)             293 K                  293 K                  293 K                     293 K
  *a* (Å)                     11.6762(9)             11.6160(6)             5.1267(3)                 4.8458(13)
  *b* (Å)                     9.9317(8)              9.8048(6)              9.7532(5)                 9.045(2)
  *c* (Å)                     6.28060(19)            6.10915(14)            6.8070(2)                 6.0624(8)
  β (deg)                     90                     90                     97.016(3)                 92.279(10)
  volume (Å^3^)               728.33(8)              695.79(6)              337.82(3)                 265.50(10)
  *D* (g cm^--1^)             1.314                  1.376                  1.417                     1.803
  *Z*                         8                      8                      4                         4
  *R*~wp~                     3.234                  3.134                  2.610                     3.804
  --------------------------- ---------------------- ---------------------- ------------------------- -------------------------

![The unit cell parameters as a function of pressure (upper). The molecular volume of acrylic acid as a function of pressure (lower). The dotted line is representative of the phase boundary between the two phases.](jp-2014-02095n_0003){#fig2}

Pixel Calculations {#sec2.3}
------------------

Using the optimized structures from the DFT calculations, the lattice energies and molecule--molecule interaction energies were calculated using the Pixelc module in the CLP package by Gavezotti.^[@ref36],[@ref37]^ Electron densities were calculated at the MP2/6-31G\*\* level using Gaussian 09.^[@ref38]^ Calculation of the energies using the refined data showed a similar trend but not as smooth as those observed with the optimized structures highlighting the limitations of refining powder data even with the implementation of restraints; hence, the optimized structures were used. During the creation of the Z-matrix, bond lengths to deuterium atoms were normalized to neutron values and thus these values were retained for the energy calculations. Table ES2 ([Supporting Information](#notes-1){ref-type="notes"}) provides the total lattice energy as well as the breakdown of intermolecular interactions into Coulombic, electrostatic, dispersion, and repulsion terms.

Results and Discussion {#sec3}
======================

The Effect of Pressure on Acrylic Acid-*d*~4~ {#sec3.1}
---------------------------------------------

Acrylic acid phase I crystallizes in a layered structure, with the layers perpendicular to the *c*-axis (space group *Ibam*), where the acid groups hydrogen bond via a dimer motif (Figure [3](#fig3){ref-type="fig"}); this is the same phase that is observed in the −*h*~4~ system. The dimers are arranged in the layer so that the CD groups of C2 and C3 are in close contact with the oxygen atoms of a neighboring dimer. Pixel calculations of phase I show that by far the most favorable molecule--molecule interaction is, unsurprisingly, between the hydrogen bonded molecules (interaction 1) with the dispersive and Coulombic terms showing the greatest stabilizing contribution (Figure [4](#fig4){ref-type="fig"}a; Table ES2, [Supporting Information](#notes-1){ref-type="notes"}). Interaction 2 represents the interaction between the central molecule and molecules directly above and below (in different layers) where the carbonyl groups of the acid are arranged in an antiparallel arrangement (Figure [4](#fig4){ref-type="fig"}b). This type of interaction has been investigated for its potential stabilizing contribution to the crystalline state by Allen et al.^[@ref39]^ They showed through the use of the Cambridge Structural Database (CSD) and *ab initio* molecular-orbital calculations that carbonyl--carbonyl interactions can be comparable to medium-strength hydrogen bonds albeit that they are a little weaker in this case. While the energies calculated from Pixel cannot be broken down into individual interactions, there is a significant contribution from the dispersive component in interaction 2 which is known to contribute to carbonyl--carbonyl interactions. Interaction 4 is the second most attractive interaction displayed in phase I, where neighboring dimers in the layer interact through close contacts between the CD2 and CD4 with O1 and O2. Due to the layered nature of the structure, this interaction will be important as the acrylic acid is subjected to an applied pressure.

![A layer of molecules lying perpendicular to the *c*-axis as observed in phase I and phase II of acrylic acid with the molecules hydrogen bonding through a typical carboxylic acid dimer. Atom colors are assigned as follows: gray, carbon; red, oxygen; white, hydrogen.](jp-2014-02095n_0004){#fig3}

![Six most imporatant interactions for the acrylic acid polymorphs: (a) Int. 1 is the carboxylic dimer that is observed in both phases. Int. 6 is observed only in phase II. (b) The interlayer interactions observed in phase I. (c) The interlayer interactions observed in phase II. Similar interactions have been identified between polymorphs and their descriptor kept constant despite the structural changes between phases, e.g., Int. 3. Atom colors are assigned as follows: gray, carbon; red, oxygen; white, hydrogen.](jp-2014-02095n_0005){#fig4}

On compression to 0.69 GPa, the unit cell parameters of phase I compress by 0.5, 0.27, and 2.73% for the *a*-, *b*-, and *c*-axis, respectively, with the molecular volume reducing by 4.47% (Figure [2](#fig2){ref-type="fig"}). Increasing the pressure to 0.86 GPa initiates a sluggish transition to a new phase (phase II, *P*2~1~/*c*), similar to that of acrylic acid-*h*~4~, which is complete after ∼30 min. This pressure is slightly higher than was originally quoted in our previous paper of acrylic acid-*h*~4~ (0.6 GPa,) but this may be due to either the different ratios of acrylic acid to PTM that was used in this study compared with our original study (20% v/v PTM this study; 50% v/v previous work), a deuteration effect, or the sample environment that has been used in this study. The phase transition was also monitored in a diamond anvil cell (DAC) where the reconstructive nature can clearly be observed (Figure [5](#fig5){ref-type="fig"}). The longer time for full conversion in the DAC (60 min) was probably due to the larger crystallites involved compared with the deliberately fine powder that is observed in the P-E cell during the neutron experiment; the quality of the powder was monitored indirectly through the analysis of the patterns from different detector banks.

Over the phase transition, the *a-*axis approximately halves, the *b-*axis maintains its compression rate, i.e. relatively unchanged, and the *c-*axis elongates. These changes to the unit cell result in a small change in the molecular volume (2.9% reduction; cf. 2.0% from 0.52 to 0.68 GPa in phase I), but it does lead to a significant reduction in the void volume from ∼30 to ∼4 Å^3^ (as calculated by Materials Mercury).^[@ref40]^ This is an 87% reduction in void volume compared with a 47% reduction that is observed from 0.31 to 0.68 GPa in phase I.

![Images of the I--II transition in acrylic acid*-d*~4~ observed in a diamond anvil cell taken at various times after a pressure increase to 0.8 GPa. The ruby spheres can be observed at the bottom of the gasket hole. (a) 0 min, (b) 12 min, (c) 18 min, (d) 26 min, (e) 30 min, (f) 40 min, (g) 48 min, (h) 56 min, and (i) 60 min.](jp-2014-02095n_0006){#fig5}

The packing of molecules within the layers is similar in both phases, but in phase II, the layers are puckered and their relative positions with respect to neighboring layers also change. There is a 5.52, 7.26, and 10.94% compression of the *a-*, *b-*, and *c-*axes, respectively, that culminates in a 21.41% compression of the unit cell volume from 0.86 to 7.2 GPa. The bulk modulus for phase II was determined to be 6.6(7) GPa with a *V*~0~ value of 371(3) Å^3^ using a Murnaghan equation of state (EOS) in EoSFIT5.2.^[@ref41]^ The data were difficult to fit due to the compressibility of the material and the lack of low pressure data or reliable ambient pressure volume (acrylic acid is liquid under ambient pressure and temperature). These were the best values calculated from a number of different EOS (Birch--Murnaghan, Vinet and Murnaghan). The *V*~0~ value seems reasonable given the molecular volumes of the two phases are very close to one another; hence, using the value at 0.33 GPa, one obtains a *V*~0~ value of 364 Å^3^. Up to this pressure, acrylic acid remains molecular and no polymerization occurs, consistent with the previously observed onset of polymerization at 8 GPa with loss of Raman modes.^[@ref20]^ We have also carried out Raman studies on the −*h*~4~ form to 8.2 GPa, and we see little change in the spectrum except around the C---C torsion (∼350 cm^--1^) and C=C---C bend (∼380 cm^--1^) which may be signifying that the polymerization process is imminent.^[@ref21]^ Due to the experimental setup (ZTA anvils for a better signal-to-noise) and peculiar behavior of the sample, we were unable to compress the sample beyond 7.21 GPa.

The six most important molecular interactions (\>4 kJ mol^--1^) in phase II are shown in Figure [4](#fig4){ref-type="fig"}, in which analogous interactions in phases I and II are illustrated. The interactions within the layers remain the same (interactions 1 and 4) even though neighboring dimers are now observed at a slight angle to each other due to the puckering of the layer. After the change of ∼10 kJ mol^--1^ over the phase transition, interaction 1 does not vary significantly until 4.1 GPa, where the total energy for the interaction starts to become more negative overall. At this point, there is an increase in the rate of change of the Coulombic term versus centroid distance, which may account for the effect on the overall energy of interaction. Toward 7.2 GPa, the energy of the interaction reaches a plateau, signifying that if the pressure were increased any further then either the repulsion between the molecules would overcome any attractive forces or the compression would be taken up elsewhere in the structure. A search of the CSD shows that the C1···C1′ (carbonyl carbon) distance observed at 7.2 GPa is at the minimum of those represented in the database, reflecting, perhaps, the lower limit that the hydrogen bonded dimer can be sustained before another molecular arrangement is required (Figure ES2, [Supporting Information](#notes-1){ref-type="notes"}).

Interaction 2 still possesses an antiparallel interaction in phase II despite being in a slightly different orientation, which emphasizes the importance of this interaction in stabilizing the structure. As further pressure is applied to the structure, the total energy remains fairly constant before becoming less favorable at a value of ∼3.2 Å between the centroids of the molecules. In terms of the specific interaction between the carbonyl groups, the distance between the carbon and oxygen at this pressure is 3.15(5) Å, which is close to the energy minimum observed by Allen et al.^[@ref39]^ for this type of interaction (3.04 Å). Thus, while the Pixel calculations calculate molecule--molecule interactions, the trends in the energy associated with interaction 2 are consistent with previous literature detailing the interaction between carbonyl groups. Interaction 4 shows little change over the compression range. The total energy only starts to become more repulsive at ∼4.9 Å between the centroids, which equates to a contact distance of ∼2.16 Å between D2 and O2 which is somewhat surprising given that this interaction is within the layer and therefore should have less room for compression in comparison to interactions between the layers. Interaction 5, between molecules in different layers, shows the greatest change during the compression, with the overall energy changing by ∼13 kJ mol^--1^. The molecules are aligned so that the alkene moieties are in close proximity to one another and thus will be associated with the polymerization reaction. The distance between the alkene groups compresses to 3.519 Å which is close to the optimal distance that is observed for polymerization reactions using diynes^[@ref16]^ and therefore is close enough to initiate the reaction.

![Plot of intercentroid distance and energy for each of the six highlighted interactions in phases I (filled symbols) and II (open symbols) of acrylic acid.](jp-2014-02095n_0007){#fig6}

Raman Measurements of Acrylic Acid-*d*~4~ {#sec3.2}
-----------------------------------------

The behavior of acrylic acid on decompression was not investigated using neutron diffraction; however, the experiment was repeated using Raman spectroscopy and a diamond anvil cell as the pressure vessel. Experimental details can be found in the [Supporting Information](#notes-1){ref-type="notes"}. A few drops of the exact same solution of acrylic acid-*d*~4~ in perdeuterated methanol:ethanol PTM were loaded into the DAC and compressed to 6.3 GPa (a similar pressure to the neutron experiment) (Figure [7](#fig7){ref-type="fig"}, upper). The pressure was then held at this value overnight before decompression. This is significantly shorter than the neutron experiment; however, previous research by Murli and Song suggested that the high pressure phase was stable for over one month at 4.5 GPa.^[@ref20]^ The presence of the C=C stretch (1571 cm^--1^) throughout the compression series shows that the molecular nature is retained to 6.3 GPa, which is consistent with the neutron data. This result also confirms that the energy of the laser used (532 nm) for pressure determination and Raman spectroscopy was not high enough to induce polymerization, as has been observed in other molecular systems at high pressure. Raman modes of the perdeuterated sample were calculated using CASTEP (Figure [7](#fig7){ref-type="fig"}, upper) and show that deuteration has had a significant effect on the frequencies of specific stretches; e.g., the C=C bond, identified by Murli and Song, is at 1644 cm^--1^ for the hydrogenated sample, whereas we observe this frequency at 1571 cm^--1^ for the −*d*~4~ sample.

![Raman spectra of acrylic acid-*d*~4~ at various pressures on compression. The CASTEP spectrum was calculated using the 0.33 GPa data after geometry optimization (upper); Raman spectra on decompression (lower). Note the changes to the Raman peak at ∼1635 and 1685 cm^--1^ between 2.2 and 0.2 GPa.](jp-2014-02095n_0008){#fig7}

On decompression, the sample remains in the molecular phase to 2.2 GPa; however, further decompression to 0.2 GPa shows a significant relative increase in the vibrations at 1635 and 1685 cm^--1^ when compared with the C=C stretch, indicating that polymerization has occurred. This delay in polymerization on decompression has been observed in other systems, such as benzene, where the reaction may be initiated at high pressure, but it is only on the release of pressure that sufficient volume is available for the reaction to reach completion.^[@ref5]^ The drop from 2.0 to 0.2 GPa straddles the I--II phase transition, which would also allow freedom for the molecules to move, thereby permitting polymerization to occur. We have conducted subsequent experiments where we have loaded the exact same sample from the neutron experiment into a diamond anvil cell, compressed it to 1 GPa, and left it at this pressure for a week. Even at this low pressure, the material had started to polymerize which would help to support our theory with respect to the polymerization mechanism.

FT-IR Measurements of Neutron Diffraction Product {#sec3.3}
-------------------------------------------------

Experimental details for the FT-IR measurements can be found in the [Supporting Information](#notes-1){ref-type="notes"}. Upon opening the Ti--Zr gasket from the P-E cell neutron diffraction experiment, there was an odor of residual unreacted acrylic acid, but the vast majority was polymerized which bound together the other content of the capsule (CaF~2~ and glass wool). Figure ES3 ([Supporting Information](#notes-1){ref-type="notes"}) shows the IR spectrum of the product. The first observation is that there are stretches in both the C---D/O---D region (2250--2750 cm^--1^) and the O---H region (3250--3750 cm^--1^). The O---H stretch will be due to water present in the sample adsorbed after opening the gasket to the atmosphere due to the hygroscopic nature of poly(acrylic acid); PAA has been used as a hydrogel in the past.^[@ref42]^ The C=O stretch remains in a similar position to other PAA samples of different molecular weights (purchased from Sigma-Aldrich, Figure ES3, [Supporting Information](#notes-1){ref-type="notes"}) (∼1700 cm^--1^); however, the stretch does not possess a shoulder toward higher wavenumbers that appears in the other higher molecular weight polymers. This may be due to a greater proportion of the acid moieties being engaged in hydrogen bonding; therefore, the environments around the carbonyl groups are less varied than in a polymer produced through more conventional routes; i.e., the molecules are fully hydrogen bonded in the solid state, and this is translated into the polymer product. This would also affect the bands around 1178 and 1248 cm^--1^ which have been characterized as C---O stretching coupled with OH bending.^[@ref43]^ The polymer produced during the neutron experiment shows very small absorbances in this region compared with the high molecular weight polymers, but there is a more substantial absorbance between 800 and 1100 cm^--1^ that could be partially due to the C---O stretch in a highly hydrogen-bonded system but this assignment is cautious as the Si--O stretch from the glass wool also appears at ∼891 cm^--1^.

Differential Scanning Calorimetry (DSC) {#sec3.4}
---------------------------------------

Experimental details for the DSC measurements can be found in the [Supporting Information](#notes-1){ref-type="notes"}. The sample from the neutron diffraction experiment was also analyzed via DSC. The sample was heated at a rate of 10 K min^--1^ from 300 to 650 K (Figure ES4, [Supporting Information](#notes-1){ref-type="notes"}). The trace shows two main endothermic events at 330 and 503 K which represent dehydration and the formation of poly(acrylic acid) anhydride. These temperatures are in agreement with the study by Moharram and Allam,^[@ref44]^ indicating that, despite the observed changes in the Raman and IR, the thermal properties remain consistent with polymers synthesized by standard procedures.

Conclusions {#sec4}
===========

We have confirmed that the acrylic acid-*d*~4~ undergoes a polymorphic transition at ∼0.87 GPa using neutron diffraction. We have identified that acrylic acid retains its molecular nature up to a static pressure of 7.21 GPa but then undergoes polymerization between 0.2 and 2.2 GPa on decompression, which can be attributed to the increase in molecular volume that allows the polymerization reaction to proceed unhindered. We have also shown that one can also initiate polymerization by applying pressures of ∼1 GPa for a period of a week. The resulting products have been analyzed using IR, Raman, and DSC. While the DSC trace shows previously identified thermal events, the Raman and IR present peaks are different from those observed for polymers synthesized under conventional polymerization conditions, thereby indicating the novel polymeric structure obtained via high pressure techniques.

Information relating to the experimental methods of Raman, IR, DSC, and Cambridge Structural Database searches. Figures of the powder neutron diffraction, IR, and DSC are shown. Tabulated information of the full crystallographic information and Pixel energies is also presented. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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